Persistent deficits in social behavior are among the major negative consequences associated with exposure to ethanol during prenatal development. Prior work from our laboratory has linked deficits in social behavior following moderate prenatal alcohol exposure (PAE) in the rat to functional alterations in the ventrolateral frontal cortex [21] . In addition to social behaviors, the regions comprising the ventrolateral frontal cortex are critical for diverse processes ranging from orofacial motor movements to flexible alteration of behavior in the face of changing consequences. The broader behavioral implications of altered ventrolateral frontal cortex function following moderate PAE have, however, not been examined. In the present study we evaluated the consequences of moderate PAE on social behavior, tongue protrusion, and flexibility in a variant of the Morris water task that required modification of a well-established spatial response. PAE rats displayed deficits in tongue protrusion, reduced flexibility in the spatial domain, increased wrestling, and decreased investigation, indicating that several behaviors associated with ventrolateral frontal cortex function are impaired following moderate PAE. A linear discriminant analysis revealed that measures of wrestling and tongue protrusion provided the best discrimination of PAE rats from saccharin-exposed control rats. We also evaluated all behaviors in young adult (4-5 mos.) or older (10-11 mos.) rats to address the persistence of behavioral deficits in adulthood and possible interactions between early ethanol exposure and advancing age. Behavioral deficits in each domain persisted well into adulthood (10-11 mos.), however, there was no evidence that age enhances the effects of moderate PAE within the age ranges that were studied.
Introduction
Deficits in behavior and cognition have long been identified as consequences of ethanol exposure during nervous system development [2, 23, 32, 39, 40, 47, 53, 55, 58, 72 ]. An estimated 1%-5% of children are diagnosed with fetal alcohol spectrum disorders (FASDs; [41] ) which encompass, in decreasing order of severity, full-blown Fetal Alcohol Syndrome (FAS), partial FAS (pFAS), and alcohol-related neurodevelopmental disorders (ARNDs) [12] . Negative consequences are not limited to high levels of prenatal alcohol exposure (PAE), as moderate PAE that does not lead to the conspicuous morphological, behavioral and cognitive deficits characteristic of FAS can cause comparatively subtle, but nonetheless persistent, deficits in humans with FASDs [13, 59, 60] and non-human animals exposed to ethanol during brain development [66] . The importance of understanding the behavioral and corresponding neurobiological consequences of moderate PAE is underscored by current estimates indicating that the large majority of FASD cases fall within the less severe range of the spectrum [42] . Further, the incidence of less severe FASDs may be expected to increase as nearly 50% of women report drinking alcohol prior to recognition of pregnancy [11, 17, 19] and an alarmingly high percentage of women (ranging from 5% to >30%) report consumption of some ethanol while pregnant [10, 14, 49, 68] despite increased efforts to communicate the dangers of drinking for the developing fetus.
Deficits in social behavior and cognition are among the most common adverse outcomes observed in children with FASDs [15, 26, 29, 64] . Several independent laboratories have reported alterations in rodent social behavior related to ethanol exposure during brain development, including decreased investigation and interaction [21, 45, 65, 67] , altered play [44, 45, 56] , increased aggressive interactions [56] , alterations in responsiveness to social stimuli [28, 36, 37] , and deficits in socially acquired food preferences and social recognition memory [30] . Social behavior deficits have been observed following exposure to heavy (BECs ~3.0mg/dL, [30, 46] ) or more moderate levels of ethanol (BECs ~0.80mg/dL, [21] ), and across a broad range of parameters for other significant factors including exposure timing, duration of exposure, and age at the time of behavioral measurement. The neural mechanisms and circuits implicated in social behavior deficits are not well understood, however, because behavioral and cognitive processes in the social domain have been firmly associated with frontal cortex [1, 6, 16] this region is an obvious target for investigation. Prior work from our laboratory [21, 22] has linked alterations in social behavior following moderate PAE to alterations in the structure and function of frontal cortex neurons. Adult rats prenatally exposed to either moderate levels of ethanol or saccharin interacted with another rat for 10 minutes after which expression of the immediate early genes (IEGs) c-fos and Arc were quantified as a marker of neural activity in several regions of frontal cortex, including the ventrolateral frontal cortex (agranular insular cortex (Zilles' area AID [73] ) and the lateral orbital cortex (LO)), prelimbic cortex (Cg3) and the medial and lateral agranular cortices (Fr1 and Fr2). Social interaction in saccharin-exposed control rats yielded increases in c-fos expression in AID, LO, and Cg3 and increased Arc expression exclusively in AID. These social-experience-related increases in IEG expression were not observed in PAE rats. Further, exposure to novel cage-mates altered dendritic morphology on pyramidal neurons of AID in saccharin-exposed control rats but not following moderate PAE [21] . A prior lesion study by Kolb and Nonneman [33] revealed that normal adult rats with selective damage to ventrolateral frontal cortex that included the AID and LO regions resulted in increased aggression, whereas lesions of medial frontal cortex did not appear to affect social behavior, but instead led to increased general agitation or "touchiness". Together with the IEG expression and structural plasticity data described above the available lesion data support the conclusion that PAE leads to alterations in behaviors associated with ventrolateral frontal cortex function. The broader behavioral and cognitive implications of alterations in ventrolateral frontal cortex function following PAE, however, have not been investigated.
The primary goal of the present study was to evaluate the effects of moderate PAE on social, perseverative, and motor behaviors associated with the ventrolateral frontal cortex. Pregnant Long-Evans rat dams voluntarily consumed moderate levels of ethanol or saccharin throughout pregnancy, and measures of social behavior, spatial response perseveration errors and tongue protrusion were obtained in adult male offspring (our prior studies have yielded robust social behavioral deficits in male but not female animals). For quantification of spatial response perseveration errors, we adopted a variant of the Morris water task in which rats were first given extensive training to navigate to single platform location after which the platform was moved to a novel position for an extended period of training. This allowed measurement of response perseveration errors for a well-learned spatial response over a much longer period of training than possible in the standard moving-platform variant of the task in which the platform is relocated to a new position every 4-8 trials [69] . Preliminary data revealed that pharmacological inactivation or blockade of metabotropic glutamate receptors selectively in AID but not Cg3 resulted in increased response perseveration errors in the absence of effects on initial learning or performance (unpublished observations). Deficits in spatial reversal learning, characterized by response perseveration errors, are observed in rodents following heavy ethanol exposure during brain development [54, 62, 63] , however, general deficits of this form have not been investigated following moderate PAE. Tongue protrusion was examined using procedures previously described by Whishaw and colleagues [70, 71] , who demonstrated that deficits in tongue protrusion are among the more robust outcomes following ventrolateral frontal cortex damage in the rat. These authors also found that near complete decortication that spared only the ventrolateral aspect of frontal cortex left tongue protrusion unimpaired; subsequent lesions to the remaining ventrolateral frontal cortical tissue resulted in profound deficits in tongue protrusion, suggesting that the ventrolateral frontal cortex circuitry targeted in these studies is both necessary and sufficient for this behavior. Related to our primary goal, we also sought to evaluate the relative utility of these behavioral measures for distinguishing PAE from non-exposed rats, particularly considering the need for model systems approaches tailored for investigating the frontocortical bases of PAE. To address this goal we performed a linear discriminant analysis that included all dependent measures obtained for social interaction, tongue protrusion, Morris water task learning and response perseveration errors.
A secondary goal of the present study was to evaluate the persistence of ethanol-related alterations in these behaviors. Prior studies by our laboratory and others have primarily evaluated social behavior in PAE offspring during the juvenile [44, 67] , peri-adolescent [45, 67] or young adult stages ( [21] ; e.g., ~90-120 day old). We obtained each behavioral measure in PAE and saccharin-exposed rats at either 4-5 or 10-11 months of age. To our knowledge there are presently no reports that evaluate the interaction between early ethanol exposure and age in adulthood on the behaviors of interest. The possibility that these factors could be additive or synergistic, such that the more subtle consequences of moderate PAE may be enhanced and more readily detectable with age, provided additional motivation for evaluating behavioral outcomes at multiple ages in adulthood.
Method

Subjects
Subjects were 32 male Long-Evans rats obtained from the University of New Mexico Health Sciences Center Animal Resource Facility (see breeding protocol below). After weaning, all animals were housed with a single animal from the same prenatal treatment and different litter in standard plastic cages with water and food available ad libitum. All cage-mate pairs were matched for age and weight and animals were at least 4 months of age prior to behavioral testing. Groups of 6 saccharin-exposed and 6 prenatal-ethanol-exposed rats sampled from 12 litters were tested at 4-5 months of age. Groups of 10 saccharin-exposed and 10 prenatal-ethanol-exposed rats sampled from 12 litters were tested at 10-11 months of age. The sample size in the 10-11 month group was increased to allow for potential attrition with increasing age. Lights were maintained on a reverse 12h:12h light:dark cycle with lights on at 0900h. All procedures were approved by the Institutional Animal Care and Use Committee of either the main campus or Health Sciences Center at University of New Mexico.
Materials and Procedures
Breeding and Voluntary Ethanol Consumption During Gestation-All
breeding procedures were conducted in the University of New Mexico HSC Animal Resource Facility (ARF). Three to four-month-old Long-Evans rat breeders (Harlan Industries, Indianapolis, IN) were single-housed in plastic cages at 22°C and kept on a reverse 12-hour light/dark schedule (lights on from 2100 to 0900 hours) with Purina Breeder Block rat chow and tap water ad libitum. After at least one week of acclimation to the animal facility, all female rats were provided 0.066% saccharin in tap water for four hours each day from 1000 to 1400 hours. On Days 1 and 2, the saccharin water contained 0% ethanol, on Days 3 and 4, saccharin water contained 2.5% ethanol (v/v). On Day 5 and thereafter, saccharin water contained 5% ethanol (v/v). Daily four-hour consumption of ethanol was monitored for at least two weeks and mean daily ethanol consumption was determined for each female breeder. Following two weeks of daily ethanol consumption females that drank less than one standard deviation below the mean of the entire group were removed from the study. The remainder of the females were assigned to either a saccharin control or 5% ethanol drinking group and matched such that the mean pre-pregnancy ethanol consumption by each group was comparable.
Subsequently, females were placed with proven male breeders until pregnant as evidenced by the presence of a vaginal plug. Female rats did not consume ethanol during the breeding procedure. Beginning on Gestational Day 1, rat dams were provided saccharin water containing either 0% or 5% ethanol for four hours a day, beginning precisely at 1000 hours (1 hour following the onset of the dark cycle). The volume of 0% ethanol saccharin water provided to the controls was matched to the mean volume of 5% ethanol in saccharin water consumed by the ethanol-drinking group, which has remained relatively consistent at about 16mL per four-hour drinking period over multiple breeding rounds. Rat chow was available ad libitum during both the drinking and non-drinking periods. Maternal weight gain during pregnancy and offspring birth-weight did not differ based on prenatal treatment group [21, 57] . Daily four-hour ethanol consumption was recorded for each dam. Ethanol consumption ceased at birth, and all litters were weighed and culled to 10 pups. Offspring were weaned at 24 days of age and transferred from the HSC-ARF to the Department of Psychology ARF. To minimize potential litter effects only 1-2 animals per each breeding pair were included in the present study.
2.2.2.
Morris water task-A circular pool, 1.5 m in diameter and 48 cm in height, was filled to a depth of 26 cm with room temperature water (23° C) made opaque with a small amount (~200g) of non-toxic powdered paint. An escape platform (15 cm × 15 cm) was submerged ~1 cm below the surface of the water. A single room adjacent to the animal colony was used for all water task testing. A variety of distinctive, conspicuous items (posters, cabinets, equipment, etc.) on the walls of the room served as visual cues. All behavior was recorded via an overhead camera and digital camcorder. Videos were transferred to a computer for tracking and analysis using custom software developed in our laboratory. All trials were conducted in blocks of four in which each of four release points around the perimeter of the pool (NE,NW,SW,SE) were utilized with the order determined by pseudorandom selection without replacement. A trial ended when the animal either reached the platform or after 60 s had elapsed in which case the rat was placed on the platform by the experimenter. Rats were removed from the platform after ~5 s and were placed in holding cages between trials. The intertrial interval was ~ 5 min. All testing was conducted ~1-2 hours after the onset of the dark cycle.
The water task was conducted in three phases (see Figure 1) . For all phases a total of three trial blocks were administered on each day of training. During Phase 1, rats were given 10 trial blocks; the first 9 blocks were distributed over days 1 through 3 and one additional block was conducted as the first block on day 4. Two possible platform locations were used (the center of the east or west quadrant), with each location used for half of the rats in each combination of prenatal treatment condition and age. Initial training was conducted in this manner to establish strong responding to the initial location and to minimize the effects of between-day reductions in performance on performance during the subsequent relocation trials. During Phase 2 the platform was repositioned to the other platform location (east or west) and 6 blocks of trials were conducted; the first two trial blocks were conducted on day 4 immediately following the last block of Phase 1, with three blocks on day 5 and one block at the beginning of day 6. The inclusion of one block of training on day 6 prior to the Phase 3 trials was based on the same rationale described for Phase 1. During Phase 3 the platform was returned to the original location and 5 additional blocks of training were conducted; two blocks were conducted on day 6 immediately following the final block of Phase 2 and three blocks were conducted on day 7. Mean latency and path length to reach the platform were measured for each trial block. For Phases 2 and 3, the number of trials per block that included a visit to the platform location used in the immediately preceding phase was also quantified. Separate repeated measures ANOVAs with prenatal treatment, age, and trial block as factors were conducted for each phase.
Social Behavior-
The procedures for housing, data collection and quantification of social behavior were similar to those utilized by [21] . Cagemate pairs were placed into a box (95 cm × 47 cm × 43 cm) with a Plexiglass front, opaque sides, and a mirrored back wall for 30 minutes on each of three consecutive days to habituate them to the apparatus. At the end of the final habituation session the animals were housed in isolation for 24 h. At the end of the isolation period the animals were placed into the test apparatus together and behavior was video-taped for 12 minutes. Videos were digitized for behavioral quantification using software developed in our laboratory. The duration, frequency and latency to first occurrence of the following behaviors were quantified: wrestling (including pinning), crawling (crossing) over/under the partner, anogenital sniffing, other sniffing of the partner's body (body sniffing), allogrooming (grooming of the partner), rearing, and sniffing/digging in the bedding. We have previously quantified boxing [21] , however, this behavior was only observed briefly in one pair of animals and is, therefore, not included in the analyses reported here. The six behaviors quantified here were selected based on a large body of extant literature [5] to target partner-directed (e.g., wrestling, investigation) behaviors, and have been quantified in prior work in our laboratory with PAE rats [21] . Separate analyses of variance (ANOVAs) were conducted for each measure with prenatal treatment and age as factors.
2.2.4.
Tongue protrusion-Tongue protrusion measures were obtained in a single session in a room that was dimly lit by a red lamp. Rats were placed in a plastic hanging cage placed onto one side so that the wire mesh top was oriented vertically. To familiarize the animal with the food substrate used for measurement (chocolate syrup or creamy peanut butter) a small amount was placed inside the cage. Once it had been consumed an experimenter smeared a small amount of chocolate syrup or peanut butter onto one end of a thin piece of Plexiglass (2 mm × 5 cm × 7 cm). The end containing the food substrate was placed against the edge of the wire mesh. As the animal approached the food and attempted to lick, the Plexiglass was reoriented such that it was parallel to the animal's mouth. After a lick attempt the Plexiglass was removed and an experimenter measured the length of the indentation left in the food substrate by the tongue. This was repeated until 5-12 measurements had been obtained for an individual animal in a 20 min. session. All attempts for a single animal were averaged for analysis. An ANOVA was conducted with prenatal treatment and age as factors.
Exploratory discriminant analysis-An
additional, exploratory stepwise discriminant analysis [9] was conducted to evaluate which of the 75 dependent variables from the three behavioral tasks provide the best discrimination between PAE rats and prenatal saccharin-exposed control rats. The variables included tongue protrusion, latency and path length during each of the 21 blocks of the Morris water task, number of visits to the initial platform locations during each of the 6 blocks of Phase 2, number of visits to the Phase 2 platform location during each of the 5 blocks of Phase 3, and frequency, duration, and latency to first instance of wrestling, crossing over/under, anogenital sniffing, social sniffing, allogrooming, rearing, and digging.
Results
An alpha of p < 0.05 was adopted for all analyses. In addition to omnibus ANOVAs, the prenatal treatment factor was also evaluated within levels of the age factor for significant prenatal treatment main effects. Effect sizes (partial eta squared, η ) are provided for all significant effects.
Maternal ethanol consumption
During pregnancy, rat dams consumed a mean of 2.72 grams of ethanol during the daily four-hour drinking session. The mean peak serum ethanol concentration resulting from the voluntary consumption of 5% ethanol was reported previously as 84.0 + 5.5 mg/dL [57] . No significant differences in offspring birthweight, litter size or growth curves were observed using this moderate PAE paradigm (data not shown).
Morris water task
Mean escape latency and path length for each trial block during Phases 1-3 are shown in Figure 2 . 
Social Behavior
Mean values for the frequency, duration and latency to first occurrence of each behavior quantified during the 12-minute social interaction session are shown in Table 1 
Tongue Protrusion
Mean tongue protrusion values for each prenatal treatment and age group are shown in 
Exploratory discriminant analysis
The stepwise discriminant analysis resulted in a single discriminant function that included the following 6 variables (and their standardized canonical discriminant function coefficients): wrestling frequency (1.360), tongue protrusion (-1.241), duration of body sniffing (0.835), anogenital sniffing frequency (0.664), rearing frequency (0.584), and the swim path length during the first block of Phase 2 (0.479). This discriminant function accounted for 86.68% of the between group variability, canonical R 2 =.87, [λ = 0.133, χ 2 = 54.50, p < 0.001]. The cross-validated classification showed that 100 percent of cases were classified correctly. Inspection of the structure matrix revealed that the loading of two variables met criterion of magnitude greater than ±0.3, including frequency of wrestling (. 377) and latency to first instance of wrestling (-.345), indicating that these variables provided the best discrimination between groups. We also note that several variables had loadings greater in magnitude than ±0.26, including tongue protrusion (-0.267), latency to the first instance of allogrooming (0.271), the number of visits to the initial platform location during the fifth block of Phase 2 (0.286), and the escape latency during the fourth block of Phase 3 (0.280).
General Discussion
Rats exposed to moderate levels of ethanol during prenatal brain development displayed sizeable deficits in tongue protrusion, alterations in social behavior including increased wrestling and decreased interaction in the form of reduced allogrooming, and increases in spatial response perseveration errors in a modified Morris water task. These observations indicate that the negative consequences of moderate PAE include several behavioral and cognitive processes that engage and depend upon ventrolateral frontal cortex, and expand the scope of the deficits beyond the social domain to include motor (tongue protrusion) and perseverative behavior. The effect sizes for tongue protrusion and specific social behaviors (e.g., wrestling) following moderate PAE were large in comparison to the more modest effect sizes observed for spatial response perseveration errors. The linear discriminant analysis revealed that two measures of social interaction (the frequency and latency to first instance of wrestling) provided the best discrimination of prenatal treatment conditions, followed by tongue protrusion, other measures of social behavior (latency to first instance of allogrooming) and finally spatial response perseveration errors. Thus, while each behavioral task described here may hold utility in future investigations of PAE on frontal cortex function and related behaviors for a range of levels of analysis, the effects of ethanol on social behavior appear to be among the most robust adverse outcomes associated with moderate PAE. Although there were clear deficits associated with increasing age in adulthood for many of the behavioral variables of interest, the effects of age did not appear to enhance or exacerbate the effects due to moderate PAE.
Social Behavior
The effects of moderate PAE on wrestling and social investigation in adult rats replicate our prior observations [21] and join the growing body of work indicating that negative consequences in the social domain are among the major outcomes associated with ethanol exposure during brain development. Alterations in social behaviors have been reported by several laboratories using a variety of doses, timing of exposure, duration of exposure and ages at the time of behavioral measurement [21, 27, 28, 30, 45, 46, 65] . To our knowledge, the present study is the first to demonstrate alterations in social behavior that persist well into adulthood (at 10-11 months of age). Considering that the typical lifespan of a LongEvans rat housed under normal laboratory settings is approximately 24-36 months [25, 38] the age ranges used in the present study did not include advanced age beyond reproductive senescence. To address whether alterations in social behavior following PAE persist for the life of the individual will require future investigations that include additional time-points beyond 1-2 years of age.
The observation by Pellis and colleagues [50] that early lesions to the ventrolateral frontal cortex in rats result in increased play behavior prompted us to also consider the possibility that wrestling observed in PAE rats actually reflects play rather than genuine aggression. In our previous studies in young adult animals [21] , and in the present study with a broader age range, we have failed to observe conspicuous behavioral indicators of aggressive behavior, such as fighting or biting. In the rat, play behavior peaks during post-weaning development around postnatal days 30-40 [43, 51] and declines as animals approach adulthood. Further, the topographies of play and adult agonistic behaviors are similar, so the observation of increased wrestling in PAE rats as old as 10-11 months of age would seem to score against the idea that these behavioral outcomes are merely manifestations of delayed maturation. In an attempt to arrive at a more definitive evaluation, we also quantified the frequency of attacks directed at the nape of the neck, the primary target of playful attacks, and attacks directed toward the rump, a target of non-playful attacks [7] . Attacks directed at the nape were rare, occurring only 3 times for two animals from the entire group of PAE rats. In contrast, a total of 22 attacks directed at the rump were observed in 10 of 14 PAE rats. Considering that almost all PAE rats (14 of 16) engaged in wrestling the discrepancy between the number of attacks directed toward the rump and nape suggests that PAE-related increases in wrestling reflect aggressive, agonistic encounters rather than play. To more firmly address the distinction between aggression and play in PAE rats future studies could also include quantification of ultrasonic vocalizations (USVs) during behavior to evaluate whether the USVs produced during wrestling are more similar to those that occasion play behavior as opposed to aggressive interactions.
Considering that the present results regarding the effects of PAE on wrestling in adulthood closely match our previous observations [21] it is important to note that the present study deviated methodologically from our prior study in that all rats in the present study were housed with non-littermates immediately post-weaning rather than with littermates. Housing with non-littermates might be expected to impact social behavior, however, the effects of PAE on wrestling were comparable in both studies. Further, preliminary studies in our laboratory on tongue protrusion and spatial response perseveration errors in PAE and saccharin-exposed rats in which all animals were housed with littermates yielded similar results to those observed here. These observations suggest that the effects of PAE on the behaviors of interest may not be sensitive to housing with non-littermates, at least when the animals are familiar with the cage-mate at the time of testing [21] . In the present study all rats were housed with their cage-mate for 90 to 270 days prior to testing, thus, the cagemates should have been familiar at the time of testing which may have been an important determinant of the outcomes observed here and the similarities to previous observations using different housing procedures.
In the present study, we also observed evidence of PAE-related alterations in allogrooming, which may be considered a form of social investigation. Allogrooming was observed rarely in our prior work with animals of approximately 4 months of age. The increased occurrence of allogrooming in the present study may be partially related to the fact that the duration of social interaction was increased by 20% (to 12 minutes) compared to our prior work, especially considering that most instances of allogrooming occurred later in the session. In our previous work [21] we also observed alterations in social investigation (sniffing) when cage-mate novelty rather than isolation was used to motivate interaction. Thus, future work could evaluate whether changes in social investigation following moderate PAE are equally persistent when different procedures to motivate social interaction are utilized. This may, however, prove difficult to assess considering that investigation appears to decrease quite dramatically with age, making detection of PAE-related alterations in social investigation more difficult.
Tongue protrusion
Effects of PAE on motor behaviors including deficits in skilled forelimb movements in rats [24] and sensory guided reaching in humans with FASDs [72] have been examined by several laboratories. Because of the well-established neural pathways involved in motor behaviors, the use of motor tasks is likely to factor prominently in future efforts to understand the neural bases of specific deficits associated with PAE [20, 72] . To our knowledge the consequences of PAE during brain development on orofacial movements, including movements of the tongue, have not been examined. Although the primary neuromuscular and sensory aspects of tongue movement are controlled by afferents from primary motor cortex (M1) and coordinated signaling in primary somatosensory cortex (S1) [3, 4] , the principal motivation for examining tongue protrusion in the present study was driven by evidence that ventrolateral frontal cortex circuitry is necessary and sufficient for this behavior. Whishaw and Kolb [70] measured tongue protrusion as well as eating and drinking in rats that were completely decorticated or received selective lesions of the ventrolateral frontal cortex, motor cortex, medial frontal cortex, parietal cortex or lateral hypothalamus. The most profound deficits in tongue protrusion were observed in decorticate rats and rats with lesions of the ventrolateral frontal cortex, with intermediate deficits observed in rats with motor cortex damage, and no deficits observed following parietal or medial frontal cortex damage. Rats with damage to the lateral hypothalamus never returned to normal levels of eating and drinking, but almost fully recovered the capacity for tongue protrusion. A subsequent study [71] demonstrated that tongue protrusion was spared in rats that had all neocortical tissue removed except for ventrolateral frontal cortex, and ablation of the remaining ventrolateral frontal cortex impaired tongue protrusion. Thus, the robust deficits in tongue protrusion following moderate PAE are consistent with alterations in the functional of this circuitry. Although the lesion data indicate that damage to the ventrolateral frontal cortex is necessary and sufficient for deficits in tongue protrusion, it is important to reiterate that tongue protrusion involves a distributed set of brain regions and pathways, including the aforementioned primary sensory and motor regions. Thus, the dependence of tongue protrusion on ventrolateral frontal cortex cannot be taken to indicate that alterations in other aspects of this distributed circuit are absent following PAE or that alterations in other aspects of this circuit do not contribute to the ethanol-related deficits observed here.
Future studies on the sensory and motor pathways involved in tongue protrusion are needed to evaluate the potential role of these pathways in PAE-related deficits in tongue protrusion.
One possibility that must be considered concerns the potential for alterations in motivation to account for the effects of moderate PAE in tongue protrusion. Two observations are relevant to evaluating this possibility. There were no differences between PAE and saccharin control rats in the number of lick attempts within the session (both approximately 6 attempts per group; data not shown). Further, taste reactivity has been evaluated using quinine and sucrose solutions as part of a separate project in our laboratory using the same PAE paradigm. In both cases, PAE rats decreased (quinine) or increased (sucrose) consumption to levels comparable to saccharin-exposed control rats [52] . This observation is of further importance in the present context because frank damage to AID leads to clear deficits in flavor discrimination [31] . Moderate PAE does not appear to have adverse effects in this regard while other aspects of behavior (e.g., tongue protrusion) are sensitive to PAE. Collectively, these observations suggest that moderate PAE does not have a notable effect on motivation to consume appetitive or avoid aversive flavors, which would further suggest that deficits in tongue protrusion are not simply a result of reduced motivation for consumption of the food substrate.
Morris water task : Learning and flexibility in the spatial domain
In the initial phase of training in the Morris water task there were no detectable differences between groups in learning to navigate to an escape platform in a fixed location, which replicates prior observations on place learning following moderate PAE [57] and is further consistent with a lack of motivational differences based on PAE as discussed above. The effects of moderate PAE appear to be limited to an increase in erroneous visits to the initial platform location following platform relocation. Prior observations in Sprague-Dawley rats suggested that moderate PAE reduced the rate of learning in a moving platform variant of the water task [61] , in which the platform is moved to a novel position every 4-8 trials [69] . Specifically, PAE rats displayed less of a reduction in escape latency from trial 1 to trial 2 when the platform was moved, which may indicate impaired learning in a more challenging variant of the task and/or increased persistence in visits to the former platform location as would be expected with a reduction in flexibility. To address the latter possibility more clearly, we utilized a set of procedures in which rats were first trained to navigate to a hidden platform in a fixed location over the course of 4 days (40 trials) in order to establish a strong place response to a single location. During the sequence of trials on day 4 the platform was relocated to the diametrically opposite quadrant of the pool where it remained for a total of 24 trials (Phase 2), which were distributed over the following three days. Both PAE and saccharin-exposed control rats displayed reductions in escape latency and path length over the course of Phase 2. Whereas both groups continued to visit the previous platform location early during Phase 2, the PAE group continued to visit the former platform location even at the very end of Phase 2 training. These visits were rapid (i.e., not occasioned by persistence in searching) and may be considered opportunistic in that they tended to occur when animals were released nearby to the old platform location. Together with the fact that even well-trained control animals will execute suboptimal (i.e., indirect) paths on most trials, the visits to the former platform location by PAE rats were not sufficient to result in detectable alterations in path length and escape latency, and were only apparent through verification of visits to the former platform location in the video record. Although PAE rats in both age groups displayed increased errors late in Phase 2 training it is important to note that 10-11 month saccharin-exposed rats displayed more errors, longer latencies and higher path length that PAE rats early during Phase 2 training. These differences did not persist and were attributable to increased searching at the former location during the initial trials following platform relocation. Additional data consistent with increased persistence in visiting the Phase 1 platform location by ethanol-exposed rats come from the initial block of Phase 3 in which the platform was returned to the original location. In this block saccharin-exposed rats visited the more recently used Phase 2 location more frequently, suggesting a preference for the Phase 1 location in PAE rats.
The overall pattern of findings from the Morris water task were less robust than those observed for social behavior and tongue protrusion, but were nonetheless consistent with the expected outcomes based on other examinations of spatial response perseveration errors [54, 62] or reduced flexibility in the spatial domain [61] . Importantly, Kolb and colleagues [34] utilized a similar method to evaluate the effects of damage to the ventrolateral frontal cortex on spatial learning and navigation in the Morris water task. Similar to the present data, escape latencies of rats with damage to the ventrolateral frontal cortex during the "reversal" phase were comparable to that of control animals, however, perseveration errors were not quantified so a direct comparison is not possible. In preliminary work for the current study we evaluated the effects of more restricted, subtotal neurotoxic lesions of AID and LO or reversible inactivation of AID via local infusions of lidocaine on performance in this variant of water task. Both produced increases in perseveration errors when the platform was moved in the absence of effects on initial learning or reversal performance indicated by latency and path length (unpublished observations). Thus, several manipulations of ventrolateral frontal cortex are sufficient to yield increased perseveration errors as described here.
Age and persistence of ethanol-related behavioral consequences
With respect to our secondary goal, the effects of age observed here prompt two general conclusions. First, the effects of moderate PAE on tongue protrusion, response perseveration and wrestling appear to persist well into adulthood, as they were observed in 4-5 month old and 10-11 month old animals. One exception was allogrooming, however, this behavior decreased to very low levels in both PAE and saccharin-exposed rats at 10-11 months of age. Second, the effects of moderate PAE did not appear to be modulated by increasing age in adulthood, at least for the behavioral measures obtained here. One exception was a modest enhancement of some aspects of spatial response errors in the Morris water task.
Limitations and future directions
Given that the age range in the present study was limited to animals under 1 year of age, future studies should more thoroughly evaluate the potential interaction of PAE and aging using a broader range of ages that extends beyond reproductive senescence and into the later stages of life. The present study was also limited to examinations in male rats, which was based on several prior replications by our group demonstrating that effects of moderate PAE in social behaviors are primarily limited to males. Preliminary work on tongue protrusion and spatial response perseveration errors also failed to yield compelling effects of PAE in female offspring, although we have detected effects in other domains such as contextual fear conditioning [57] . To provide greater focus and emphasis on the factors of age and behavioral outcomes, we opted to limit the present report to male rats. However, characterization of sex effects are critical for future work and we are currently completing a separate study to evaluate the effects of sex and moderate PAE on these behaviors. Finally, although deficits in social behavior have been well documented in children with FASDs and in rodents exposed to ethanol during prenatal development, we are unaware of extant data on tongue protrusion or related deficits in humans with FASDs. Alterations in the length, duration or topography of tongue protrusion behaviors have been identified in humans with other disorders [8, 18, 35, 48] . Future studies to assess tongue protrusion in children with FASDs will be important for establishing whether the present findings yield corresponding results in humans. If so, the measurement of tongue protrusion and other orofacial movements may hold considerable importance for understanding the neural mechanisms and circuits that underlie behavioral consequences of PAE.
Summary
With respect to the primary goal of the current study we found that rats exposed to moderate levels of ethanol prenatally displayed deficits or alterations on several aspects social behavior, tongue protrusion and flexible spatial behavior. Collectively, these outcomes suggest that moderate PAE results in persistent alterations in behaviors that depend upon the ventrolateral frontal cortex and identify these and functionally-related regions as important targets for future research on the functional consequences of PAE during brain development.
• Prenatal ethanol exposure impaired social behavior and tongue protrusion
• Behavioral deficits suggest alterations in ventrolateral frontal cortex function
• Prenatal ethanol exposure effects were persistent well into adulthood
• Prenatal ethanol exposure effects were not enhanced with aging in adulthood Diagram illustrating example platform locations and sequences of training in the Morris water task. Phase 1 included 10 training blocks of 4 trials spread over 4 days. The platform was either in the east or west (shown) for half of the rats for each combination of diet condition and age. The 6 blocks of Phase 2 were distributed over days 4-6. The platform was relocated to either the west or east (shown) depending on the location used in Phase 2. The number of trials per block that included visits to the former platform location (white rectangle, west as shown) was quantified. During the 5 blocks of Phase 3 the platform was moved back to the original location (west as shown). The number of trials per block that included visits to the platform location from Phase 2 (white rectangle, east as shown) was quantified. Mean (±SEM) visits to the Phase 1 (initial) platform location for each prenatal treatment and age group during the 6 trial blocks of Phase 2 training. During Phase 2, the platform was repositioned in the pool (see Figure 1) . [ * p < 0.05]. Representative swim paths during block 16 (Day 6, block 1; the final block of Phase 2) for each prenatal treatment and age group. Mean (±SEM) visits to the Phase 2 (repositioned) platform location for each prenatal treatment and age group during the 5 trial blocks of Phase 3. During Phase 3, the platform returned to the initial (Phase 1) location in the pool (see Figure 1) . [ * p < 0.05]. Mean (±SEM) tongue protrusion for saccharin (SAC) and prenatal ethanol-exposed (ETOH) rats taken at age 4-5 months (n = 6 per prenatal treatment condition) or 10-11 months (n = 10 per prenatal treatment condition). [ * p < 0.05]. Table 1 Mean (±SEM) frequency (1a), duration (1b) and latency to first occurrence (1c) for each behavior quantified during the 12 minute social interaction session for saccharin-(SAC) and prenatal ethanol-exposed (ETOH) rats from each age group. Significant (p < 0.05) main effects (p = prenatal treatment, a = age) and interactions (a*p) for separate ANOVAs conducted for each dependent measure are indicated in brackets. 
